Poling dynamics and investigation into the behavior of trapped charge in poled polymer films for nonlinear optical applications J. Chem. Phys. 104, 6834 (1996) An unconventional electrodynamic suspension system with transparent planar electrodes is described which stably levitates charged solid particles or liquid droplets without the need for feedback control. The system has been used with particles ranging from about 1 to 100 m diam, under vacuum and within stationary and flowing gases. Operation within low conductivity liquids is possible in principle. The suspension system consists of six transparent conducting electrodes arranged as faces of a hollow cube. Four of these electrodes are driven by a variable-frequency two-phase ac source operating in the low audio frequency range. Advantages of this type of trap for aerosol studies include relatively wide-angle optical access and a geometry naturally suited to the use of three-axis dc crossfields for particle manipulation. Conditions for stable levitation are reviewed as well as methods for determining the radius, mass, charge, and density of a spherical levitated object.
I. INTRODUCTION
Electrodynamic suspension systems ͑also known as levitation traps͒ were originally developed in the 1950s by Wuerker et al. 1, 2 as an extension of the electric mass filter of Paul and Raether. 3 The operation of these suspension systems depends upon the interaction of spatially nonuniform ac electric fields with charged objects. Under the simplest conditions of a single particle in an evacuated trap, particle motion is described by a set of linear time-varying differential equations.
Stable levitation will occur if particle charge-to-mass ratio and ac field amplitudes are within certain ranges. If a viscous medium is present, such as air, the range of stable levitation is extended. A dc crossfield can be added to the ac levitation field to position particles within the trap and to compensate for external forces such as gravity or the drag force of a flowing gas.
Wuerker et al. initially experimented with a single-phase levitation trap with hyperbolic geometry, 1 and then briefly described a three-phase design with cubic geometry.
2 Almost all levitation traps described in the current literature are of the hyperbolic type [4] [5] [6] [7] [8] or related axisymmetrical configurations. [9] [10] [11] A recent review of electrodynamic balances and traps mentions only axisymmetric designs. 12 We have chosen to develop Wuerker's alternative design because the cubic geometry has the advantages of ease of construction, excellent optical access, uniform cross section ͑flow patterns can be made uniform when levitating in a flowing medium͒, and independent control of levitation fields in the three spatial dimensions without additional electrodes. The electrical drive requirements can be simplified to require only two phases. Several levitation traps of this type are in operation at this University and elsewhere, primarily for studying aerosol chemistry 13 and related subjects.
II. MECHANICAL CONSIDERATIONS
The levitation trap consists of six transparent electrodes arranged as the faces of a hollow cube. The electrodes must have sufficient electrical conductivity to assure a uniform potential across their inner faces. This requirement is not difficult to meet since only small ͑submicroampere͒ currents and low audio frequencies are involved. The insulation ͑or air gap͒ between adjacent electrode edges must be sufficient to avoid excess current leakage or electrical arcing under the worst-case conditions. In practice we have found that either a conductive glass ͑indium-tin oxide coating on the inner surface͒ or Plexiglas® with a fine imbedded wire mesh ͑80-mesh nickel͒ on the inner surface work well. Of course, if a given electrode does not need to be transparent over its entire surface, all-metal electrodes may be used. One of the levitation traps at this University, used in a corrosive environment, has gold electrodes plated onto ceramic substrates. 13 Vapordeposited conductors on optically flat glass could also be used.
As an aid to observation or for charged particle injection, holes may be placed at the center of the electrodes if required. It has been found experimentally that if these holes are small with respect to the size of the electrode ͑diameter less than one eighth of the cube edge dimension͒, or if they are covered with a conducting mesh, they will have negligible effect upon the levitation fields within the central region of the trap.
A typical cubic levitation trap is illustrated in Fig. 1 . The distance between opposite inner faces of the cube is 3.2 cm. An air gap of about 2 mm between edges of adjacent electrodes has proven sufficient to avoid electrical breakdown in air at atmospheric pressures, with enough safety factor for occasional use at high relative humidities and pressures down to about 100 Torr.
III. ELECTRICAL CONSIDERATIONS
The cubic levitation system described by Wuerker et al. 2 used a balanced three-phase ͑120°͒ ac voltage drive with a frequency of 60 or 400 Hz. In this arrangement, opposite faces of the cubical trap were driven together, forming three pairs, with each pair driven by one of the three ac phases. With reference to Fig. 1 , electrodes x 1 and x 2 would be connected to the first ac phase, electrodes y 1 and y 2 would be connected to the second ac phase, and electrodes z 1 and z 2 would be connected to the third ac phase. Since the ac source was balanced, each of six electrodes operated at a high ac voltage with respect to ground.
It can be inconvenient to interface a three-phase trap, with very high ac voltages on all electrodes, with adjacent electrical devices such as particle injectors operating at low voltages. As well as the obvious problems of electrical arcs and corona discharges, there are more subtle problems of electrical noise generation affecting adjacent image intensifiers, television cameras, and similar sensitive equipment. A variant of the basic three-phase trap with zero or very low voltages on one pair of plates was therefore sought.
The solution to this problem was described by Kendall et al. 14 Since only the voltage differences between electrodes are of significance, one set of electrodes is referenced to zero ac voltage. This arrangement solves the difficulties mentioned previously and simplifies requirements for the ac drive ͑since only two phases are now required͒. The fields within the trap will be identical to the previous balanced three-phase case since the voltage differences between electrodes are not changed. The required two-phase source has a phase difference of 60°and an amplitude of 1.73 times the amplitude of the equivalent three-phase source. Note that this arrangement is not equivalent to removing one phase of a conventional three-phase ac drive as described by Zaritskii et al. 15 A convenient means of generating the ac drive signals for the levitation trap is to employ a variable frequency electronic oscillator with quadrature outputs. These quadrature outputs may be combined algebraically to produce the desired 60°signals. Phase, amplitude, and frequency may then be adjusted as desired with variable resistors. Amplifiers and transformers may then be used to increase the ac drive signals to the desired amplitude for application to the levitation trap.
IV. SYSTEM OVERVIEW
A block diagram of the levitation system is shown in Fig. 2 . The quadrature oscillator produces two sinusoidal outputs of approximately 1 V amplitude, and 90°phase difference, over the frequency range of 20 to 1000 Hz. These outputs are combined algebraically in the block marked ''⌺'' to produce equal amplitude signals with a 60°phase difference.
The signal levels are then adjusted via an amplitude control and fed into the amplifiers marked A. These amplifiers drive step up transformers T to produce high voltage ac signals with peak amplitudes of several hundred to several thousand volts. Current-limiting resistors R 2 are used for safety reasons to limit currents to about 100 A.
The dc centering voltages ranging up to about 150 V are added to the ac drive signals via resistors R 1 . Equal and opposite dc centering voltages are produced for the X, Y , and Z axis via the three centering controls. Notice that the Z axis has no high voltage ac drive, since the equivalent two-phase system is being used. To prevent significant attenuation of the ac drive signals, resistors R 1 must be large with respect to resistors R 2 . Also, the reactance of capacitors C must be small with respect to resistors R 2 at the lowest operating frequency.
V. THEORY OF OPERATION
The differential equations of motion for a spherical charged particle of mass m, radius r, and charge q in the cubical levitation trap may be written in terms of the three spatial variables x, y, and z. The positive directions of these variables are shown in Fig. 1 . Since the trap is symmetric, the resulting equations will have identical homogeneous forms and a normalized variable u may be used. Each of the three equations may thus be written in the form
where E u is the time varying ͑ac͒ component of the electric field in the U direction. Equation ͑1͒ assumes the validity of Stokes' law, which requires the particle radius be restricted such that [16] [17] [18] 2u r
where is the density, is the viscosity, and is the mean free path of molecules in the medium in which the particle is immersed.
The electric field E u may be obtained via a product solution 19 in the form of infinite series. A Taylor expansion, expanded about the center of the cube, may then be used to obtain a more convenient expression. The electric field E u may thus be expressed as
where a is the edge length of the cubical levitation trap and V ac is the peak amplitude of the ac drive. This field expression is only accurate near the center of the levitation trap since the higher order terms have been dropped from the Taylor expansion. The region of the levitation trap interior for which Eq. ͑4͒ is accurate, within a given tolerance, can be determined by comparing it with the actual field calculated by the product method. When this is done numerically, it is found that a surface of constant error can be described as the surface of an imaginary figure similar to a cube with elongated edges and corners, symmetric about the geometric center of the levitation trap. As a convenient and conservative approximation, the error surface can be taken as the surface of an imaginary cube with edge length b centered within the levitation trap.
The field error used in these calculations is defined by Eq. ͑5͒:
where E e is the field error in the U dimension, E ua is the actual field value in the U dimension, and E u is the approximated field given by Eq. ͑4͒ in the U dimension. The ratio of the edge length b, of the imaginary cube representing the error surface, to the edge length a of the levitation trap has been calculated for several error tolerances and tabulated in Table I . It can be seen from Table I 20 once a change of variable has been made to transform Eq. ͑10͒ into the canonical form of Mathieu's equation. Equation ͑10͒ will have stable solutions only for certain ranges of K and Q. This stability region is plotted for 0ϽKϽ3 and Ϫ18ϽQϽ18 in Fig. 3 .
The solution to Eq. ͑10͒ is given by
where
Ϫ͑Kϩ ͒
͑13͒
and u 1 and u 2 have the following property:
The parameter is a function of K and Q and may be calculated by Hill's method of infinite determinants. 22 The function ͑͒ is periodic with angular interval and is given by If a force is acting upon the levitated particle, other than the ac levitation field, Eq. ͑10͒ is not complete. Such a force might result from the acceleration due to gravity, a flowing gas, or a dc electric field superimposed upon the ac levitation field. These effects may be included by using the modified equation:
The parameter F is defined in terms of the applied force f by
The solution to Eq. ͑16͒ may be obtained from Eqs. ͑11͒ through ͑15͒ via the method of variation of parameters. 23 When f is a constant it is found that the particular solution to Eq. ͑16͒ may be expressed as a complex Fourier expansion as shown:
The coefficients b 2m may be found from the following set of equations:
g n ϭ Q 4n͑nϪ jK͒ ͑24͒
and
͑25͒
If Q and K are restricted such that
Under these conditions, the steady state solution of Eq. ͑16͒ may be approximated by
shows that, in the absence of a resultant applied force f , the particle remains stationary at the center of the trap. In practice, the disappearance of the oscillatory motion is a useful indicator that a particle has no net force acting on it and is at the precise center of the trap.
Equation ͑30͒ implies a number of important quantitative relationships. For instance, the appearance of the force f in the first term on the right of the equation shows that the levitation system behaves like a spring and obeys Hookes's Law in that the mean position of the oscillating particle is shifted in proportion to the applied force. At the same time, the appearance of the force f in the second term shows that the amplitude of the oscillation also increases in proportion to the applied force. In practice, this behavior can be used to determine net forces on particles which are not at the center of the trap.
Equation ͑30͒ also predicts a spring constant ͑using the Hooke's Law analogy͒ proportional to the square of the ac drive voltage V ac if frequency is held constant. This is not to be confused with the ''spring point'' of Ataman and Hanson. 24 The experimental data of Fig. 4 show that an increase in ac drive voltage from 800 to 1500 V gives an increase of 3.5 in spring constant.
This experimental data was taken along the vertical axis of the levitation trap ͑note that the displacement axis is plotted horizontally͒. When the differential dc centering voltage was zero the charged particle dropped below the geometric center of the trap due its weight. A differential dc voltage of about Ϫ25 V was required to center it in all cases ͑particle charge was positive͒.
Equation ͑30͒ also implies that, in a vacuum, the spring constant will be inversely proportional to frequency squared. In a highly viscous medium, the spring constant would be independent of frequency. In practice, operation in air falls between these two extremes. This effect is seen in the experimental data of Fig. 5 , where a reduction in the drive frequency from 240 to 100 Hz gives an increase in spring constant by about a factor of 4.1.
Some of the most surprising predictions of Eq. ͑30͒ concern the effects of changing the viscosity of the ambient gas. As viscosity is increased, the levitated particles should move further from the levitation trap center and the amplitude of its oscillation should increase, although not in the same proportion. This counterintuitive prediction has been confirmed by successively feeding gases of different viscosity such as hydrogen, carbon dioxide, oxygen, and nitrogen into the trap.
These viscosity effects are generally not very noticeable when the normalized viscosity K ͓given by Eq. ͑8͔͒ is much less than unity, but becomes very pronounced as the normalized viscosity increases. For large values of normalized viscosity, the effective spring constant follows the square of viscosity. By choosing operating conditions such that the normalized viscosity is suitably large, it should be possible to use the resulting position or amplitude shifts for a given applied force to determine particle radius ͑assuming it to be spherical͒.
VI. DETERMINATION OF LEVITATED PARTICLE PARAMETERS
Many methods exist for determination of particle parameters. Size may be determined by optical 25 or viscous drag methods. 4, 18 Electrical charge, and hence mass, of small particles may be determined by charge stepping. 5, 26 A simple method, ideally suited to the cubic trap, balances gravitational acceleration and viscous drag forces.
Suppose that a spherical particle of radius r, mass m, charge q, and density has been levitated within a cubical levitation trap. The trap is so arranged that a gas of known viscosity is passed through it with a uniform velocity v along a trap's x axis ͑see Fig. 1͒ . This may be done by incorporating the levitation trap into a gas duct and using wire mesh electrodes for the faces through which the gas enters and leaves the trap.
A charged spherical particle of known density is first levitated in the trap with no gas flow. A dc centering electric field in the z direction is then applied to the levitated particle such that gravity is just nulled and the particle becomes stationary at the center of the trap. At this point the following equation applies: The gas flow is then turned on and the particle recentered by a dc electric field in the x direction: qE x ϭ6r. ͑32͒
Equations ͑31͒ and ͑32͒ can be combined to determine the radius ͑and hence mass͒ of the particle:
Here V z and V x are the differential dc centering voltages, assumed to be applied symmetrically between opposite pairs of trap electrodes. For uniform conducting electrodes without edge gaps the static electric fields E z and E x may be obtained by the same method used to derive Eq. ͑4͒. Near the trap center these fields are E z ϭ0.722 V z a ,
͑34͒
E x ϭ0.722 V x a from which the charge q may then be obtained by substitution in Eq. ͑32͒. A method for the determination of the density of a levitated particle of arbitrary shape and volume is currently being investigated by the authors. In this method, the buoyancy effect of inert gases surrounding the levitated particle is exploited. The particle under investigation is first levitated in a low density inert gas with density 1 ͑or possibly a vacuum͒. The particle is then centered in the trap with a static vertical field E z1 . Next a high density inert gas with density 2 is introduced into the levitation trap. The particle is then recentered with static vertical field E z2 . The density of the levitated particle may then be determined by Eq. ͑35͒:
